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Abstract

The paper uses the National Center for Atmospheric Research community atmospheric
model to show the influence of Atlantic Warm Pool (AWP) variability on the summer climate
and Atlantic hurricane activity. The model runs show that the climate response to the AWP’s
heating extends beyond the AWP region to other regions such as the eastern North Pacific. Both
the sea level pressure and precipitation display a significant response of low (high) pressure and
increased (decreased) rainfall to an anomalously large (small) AWP, in areas with two centers
located in the western tropical North Atlantic and in the eastern North Pacific. The rainfall
response suggests that an anomalously large (small) AWP suppresses (enhances) the mid-
summer drought, a phenomenon with a diminution in rainfall during July and August in the
region around Central America. In response to the pressure changes, the easterly Caribbean low-
level jet is weakened (strengthened), as is its westward moisture transport. An anomalously
large (small) AWP weakens (strengthens) the southerly Great Plains low-level jet, which results
in reduced (enhanced) northward moisture transport from the Gulf of Mexico to the United
States east of the Rocky Mountains and thus decreases (increases) the summer rainfall over the
central United States, in agreement with observations. An anomalously large (small) AWP also
reduces (enhances) the tropospheric vertical wind shear in the main hurricane development
region and increases (decreases) the moist static instability of the troposphere, both of which
favor (disfavor) the intensification of tropical storms into major hurricanes. Since the climate
response to the North Atlantic SST anomalies is primarily forced at low latitudes, this study
implies that reduced (enhanced) rainfall over North America and increased (decreased) hurricane
activity due to the warm (cool) phase of the Atlantic multidecadal oscillation may be partly due
to the AWP-induced changes of the northward moisture transport and the vertical wind shear and

moist static instability associated with more frequent large (small) summer warm pools.



1. Introduction

The Atlantic Warm Pool (AWP), as part of the Western Hemisphere Warm Pool
(WHWP) (Wang and Enfield 2001, 2003), is a large body of warm water comprised of the Gulf
of Mexico, the Caribbean Sea, and the western tropical North Atlantic. The AWP has a large
seasonal cycle, and the fluctuations of its area show a large anomalous variation, with large
warm pools being almost three times larger than small ones (Wang et al. 2006). Using various
data sets, Wang et al. (2006) show observational evidence of the anomalous AWP’s influences
on Western Hemisphere summer rainfall and Atlantic hurricane activity (summer always refers
to the boreal summer). In particular, they find a negative correlation between the anomalous
AWP area index and rainfall anomalies in the central United States and a positive correlation
between the AWP index and Atlantic hurricanes. Then, Wang and Lee (2007) and Wang et al.
(2007) use the National Center for Atmospheric Research (NCAR) community atmospheric
model to investigate and examine the impact of the climatological mean AWP (i.e., annual or
normal AWP) on the summer climate of the Western Hemisphere. The model experiments show
that the effects of the annual AWP are to (1) weaken the summer North Atlantic Subtropical
High (NASH); (2) strengthen the summer continental low over the North American monsoon
region; (3) reduce the easterly Caribbean Low Level Jet (CLLJ) and its westward moisture
transport; (4) weaken the southerly Great Plains Low-Level Jet (GPLLJ) and change GPLLJ’s
northward moisture transport; and (5) reduce the tropospheric vertical wind shear in the main
hurricane development region and increase the moist static instability of the troposphere, both of
which are believed to favor the hurricane formation and development during the Atlantic

hurricane season.



A natural and interesting question to ask is what these model results of the annual AWP
may imply for interannual or longer timescale fluctuations of the AWP. The present paper
extends the modeling work of Wang and Lee (2007) and Wang et al. (2007) by examining the
influence of anomalously large/small AWPs on the summer climate of the Western Hemisphere
and Atlantic hurricane activity. Section 2 describes the model experiment designs in this study.
Section 3 shows the response of sea level pressure (SLP) and precipitation to AWP variability.
Section 4 documents the response of the CLLJ’s and GPLLIJ’s moisture transports. Section 5
demonstrates the AWP’s response related to Atlantic hurricane activity, and section 6 shows the
atmospheric response to the whole WHWP that also includes the eastern North Pacific warm

pool. Finally, section 7 provides a discussion and summary.

2. Model experiment designs

The atmospheric general circulation model used in this study is the latest version (version
3.1) of the NCAR Community Atmospheric Model (CAM3). The model is a global spectral
model with a triangular spectral truncation of the spherical harmonics at zonal wave number 42
(T42), which roughly gives a 2.8° latitude by 2.8° longitude horizontal resolution. It is vertically
divided into 26 hybrid sigma-pressure layers: the upper regions of the atmosphere are gridded by
pressure while sigma coordinate system is used for the lower levels and a hybrid coordinate
system is used in the middle layers. See Collins et al. (2006) for more detailed explanations
about the physical parameterizations of CAM3, and Hurrell et al. (2006) and Deser et al. (2006)
for the model’s performances for the seasonal variations and interannual variability.

Monthly SST from Hadley Centre Sea Ice and SST data set (HadISST) on a 1° latitude

by 1° longitude resolution (Rayner et al. 2003) is used to force CAM3. Using the HadISST, we



calculate the anomalous AWP index that is defined as the area anomalies of SST warmer than
28.5°C during July-October. A warm pool 33% larger (smaller) than the climatological warm
pool area is identified as a large (small) warm pool; otherwise, warm pools are classified as
normal or neutral. From 1949-2001, there are six large warm pools (1952, 1958, 1969, 1987,
1995, 1998) and seven small warm pools (1971, 1974, 1975, 1976, 1984, 1986, 1992). Almost
all of the large (small) AWP years are during the warm (cool) phases of the Atlantic
Multidecadal Oscillation (AMO) (note that the large AWP in 1987 is associated with the AMO
cool phase of 1970-1990). That is, warm (cool) phases of the AMO are populated by more
frequent large (small) AWPs (Wang et al. 2006). Based on these years for large and small warm
pools, we make SST composites for large and small warm pools.

We first conduct three sets of ensemble model simulations: control (CTRL), large AWP
(LAWP), and small AWP (SAWP). In the CTRL run, CAM3 is globally forced by the monthly
climatological SST. In the LAWP run, the twelve-monthly SSTs for the large AWP composites
are used in the AWP region (from 5°N to 30°N between 40°W and the coast of the Americas) for
forcing CAM3, while the monthly HadISST climatology is specified for the rest of the global
ocean. In the set of the SAWP simulation, CAM3 is forced by the small AWP monthly SST
composites in the AWP region and climatological SST elsewhere. To prevent discontinuity of
SST forcing around the edges of the AWP box, a mask of weights is applied near the AWP
boundary. The smoothing is applied to five model grids centered at the AWP boundary, with
respective weights of 1.0, 0.75, 0.50, 0.25, and 0.0 from inside to outside model grids of the
AWP boundary. The SST forcing differences between the LAWP and CTRL runs and between
the SAWP and CTRL runs are shown in Figs. 1a-1d. The largest positive SST anomalies can

reach above 0.6°C during the summer (Fig. 1a). Although the positive and negative SST



anomalies are not exactly symmetric, both the large and small AWPs show a large SST variation
in the summer and fall (Figs. 1b and 1d).

For each set of simulations the model is integrated for 20 years. The first two years of
output are discarded to exclude any possible transient spin up effects. A time mean is then
calculated by averaging together the output for the remaining 18 years over the three-month
period of June-August (JJA). We focus on JJA because we are interested in summertime climate
response to the anomalous AWP. In the hurricane section (section 5), our analyses will be
focused on the six-month period of June-November (JJASON) since the official Atlantic
hurricane season is from June 1 to November 30. Assuming that each year is statistically
independent, this is equivalent to an ensemble mean with 18 members. To clearly examine the
effect of the anomalous AWP, the difference is taken between the LAWP and SAWP runs
(LAWP minus SAWP).

The whole WHWP also includes the eastern North Pacific west of Central America. To
see whether or not the eastern North Pacific warm pool affects the results presented in this paper,
we perform two additional model experiments: large WHWP (LWHWP) and small WHWP
(SWHWP). The SST forcing composites of these two model runs are similar to those of the
LAWP and SAWP, except in the eastern North Pacific (from 5°N to 30°N between 120°W and
the coast of the Americas) where the SST composites for large and small warm pools are used
(instead of the climatological SSTs as in the LAWP and SAWP runs). The SST forcing
differences between the LWHWP and CTRL runs and between the SWHWP and CTRL runs are
shown in Figs. le-1h. When the AWP is anomalously warm, the eastern North Pacific is not
warm (Fig. 1e). However, the cool AWP is associated with the cooling of the eastern North

Pacific (Fig. 1g).



Wang et al. (2007) already compare the CAM3 model simulation with the National
Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-
NCAR) reanalysis field and the precipitation product of the CPC (Climate Prediction Center)
Merged Analysis of Precipitation (CMAP). For most of the simulated variables, CAM3 does a
reasonably good job. In addition, we also perform an AMIP (Atmospheric Model
Intercomparison Project) type integration by forcing CAM3 from 1950-2001 (using the HadISST
global SST). We then calculate the regression of the SLP anomalies during the summer onto the
AWP area index and then compare it with the NCEP-NCAR reanalysis field. The CAM3
simulation displays a similar pattern to that of the NCEP-NCAR reanalysis, confirming its
capability to simulate the AWP-related variability. In this paper, we thus will not show model’s
comparisons with observational data. Here we will mainly focus on the CAM3 modeled climate

response to the large and small AWPs and the associated mechanisms.

3. Response of SLP and precipitation

The distributions of the simulated SLP and precipitation from the CTRL run during the
summer (JJA) are shown in Figs. 2a and 2b. As stated in Wang et al. (2007), CAM3 does a
reasonably good job in comparison with the NCEP-NCAR reanalysis and the CMAP rainfall. In
the summer, the North Atlantic and Pacific subtropical highs reside in the eastern subtropical
oceans where the ocean temperature is relatively cool (Fig. 2a). Sandwiched between two
subtropical highs is the continental low over North America, owing to the summertime
continental heating. Heavy rainfall is located in the regions of the eastern Pacific and Atlantic
Intertropical Convergence Zones (ITCZs) where the air is ascended and temperature is high (Fig.

2b). Other summertime rainy features are over northern South America, Central America, the



AWP region, the United States east of the Rocky Mountains, the United States Gulf Coast, and
the United States southeastern seaboard. The western region of the United States, the Pacific
seaboard, and the subtropical high regions see less rainfall during the summer.

The response of SLP and precipitation to LAWP — SAWP during the summer is shown in
Figs. 2c and 2d. Both the SLP and precipitation differences show two maximum centers located
in the western tropical North Atlantic and in the eastern North Pacific. The close association
between the largest precipitation and SLP anomalies suggests that anomalous latent heat release
is likely to be forcing the SLP (and hence circulation) anomalies, consistent with the theory of
Gill (1980). Recall that there are no SST anomalies in the model forcing of the LAWP and
SAWP runs in the eastern Pacific and the model forced SST anomalies are limited to the AWP
region (Figs. 1a and 1c). However, the model response extends beyond the AWP region to the
eastern Pacific. This is because the atmospheric response to the AWP SST forcing is primarily
governed by Rossby waves that propagate westward into the eastern North Pacific. Once Rossby
wave signals reach the eastern North Pacific, their interaction with the climatological eastern
Pacific ITCZ enhances the response there. Thus, the atmospheric response to the AWP’s heating
shows a large value of low SLP in the eastern North Pacific in addition to the local response near
the AWP region. Figure 2c shows that the SLP responses also extend northeastward to Europe
and northwestward to North America, suggesting a teleconnection effect of the AWP.

Figure 2d shows a negative AWP-induced rainfall anomaly in the region of the GPLLJ
and a positive rainfall anomaly from the middle of the Great Plains to the region south of the
Great Lakes (Tennessee-Kentucky-Ohio). The decrease of rainfall in the GPLLJ zone is
consistent with the AWP-induced decrease of northward moisture transport associated with the

southerly GPLLJ (next section). The decrease of rainfall east of Rocky Mountains is also in



agreement with observations of Wang et al. (2006) who show a negative correlation between the
AWP index and rainfall anomalies in the central United States. The increase of rainfall in the
eastern United States may reflect that the AWP is responsible for a large amount of precipitable
water over the regions of the AWP and the eastern United States (Wang et al. 2007), and it is
also consistent with the westward moisture transport from the Atlantic seaboard to the eastern
United States (next section).

The positive rainfall anomalies in the eastern North Pacific and Central America in Fig.
2d may be tied to the mid-summer drought (MSD), a phenomenon with a diminution in rainfall
during July and August in the region around Central America (e.g., Magafia et al. 1999; Mapes et
al. 2005; Small et al. 2007). An anomalously large (small) AWP decreases (increases) SLP in
the MSD region (Fig. 2¢) that induces westerly (easterly) wind anomalies across Central
America. The large (small) AWP-induced atmospheric circulation pattern increases (decreases)
rainfall in the MSD region, and thus suppresses (enhances) the MSD phenomenon, consistent
with the MSD’s remote forcing hypothesis of Small et al. (2007). We will further discuss the
relationship between AWP variability and the MSD in section 7.

Consistent with Wang et al. (2007), we find that the AWP-induced precipitation anomaly
is largely determined by the atmospheric moisture convergence although evaporation also
contributes to rainfall. The moisture convergence response to LAWP — SAWP can be further
divided into three contributions by: (1) the wind change, (2) the specific humidity change, and
(3) the product of the wind and specific humidity changes (see next section for the separation).
Of these three components, the moisture convergence contributed by the wind change is a

dominant term (not shown). That is, the effect of AWP variability is to affect atmospheric



circulation pattern that changes the atmospheric moisture convergence and thus induces the

rainfall change as shown in Fig. 2d.

4. Response of CLLJ’s and GPLLJ’s moisture transports

The easterly trade winds carry moisture from the tropical North Atlantic Ocean into the
Caribbean Sea where the flow intensifies forming the Caribbean Low-Level Jet (CLLJ). As the
CLLJ transits the Caribbean Sea, it then splits into two branches: one turning northward via the
Gulf of Mexico to merge with the southerly Great Plains Low-Level Jet (GPLLJ), and the other
continuing westward across Central America into the eastern North Pacific. Since these jets can
bring copious moisture for rainfall, it is thus important for us to examine how the CLLJ’s and

GPLLJ’s moisture transports respond to AWP variability.

a. CLLJ’s moisture transport

The model simulated zonal moisture transport of qu (where ¢ is specific humidity and
u 1is zonal wind) at 75°W during the summer is shown in Fig. 3. A strong westward moisture
transport associated with the easterly CLLJ is located around 15°N at the lower troposphere (Fig.
3a). The qu response to LAWP — SAWP is a positive anomaly of the zonal moisture transport
near the CLLJ’s transport core (Fig. 3b). This indicates that an anomalously large (small) AWP
weakens (strengthens) the CLLJ’s westward moisture transport. Figure 3b also shows a negative
anomaly of the zonal moisture transport at 30°N near the surface. This westward moisture
transport anomaly from the southeastern United States seaboard is consistent with the positive

rainfall anomaly in the eastern United States as shown in Fig. 2d.



The zonal moisture transport is a product of the specific humidity and zonal wind. What
is the most important factor for determining the moisture transport response to LAWP — SAWP
shown in Fig. 3b? To answer this question, we let Ag =g, ,yp — Gsawp AN Al =U, 0 — Uguyp -
The zonal moisture transport response in Fig. 3b can then be separated into three components
contributed by (1) the zonal wind change g,,,,Au , (2) the specific humidity change uy,,,Aq ,
and (3) the product of the zonal wind and specific humidity changes AuAq. Figure 4 shows the

contribution of these three terms. The CLLJ’s moisture transport response to LAWP — SAWP is

mainly attributed to g,,,,Au , whereas uy,,,Aq is small and AuAq is negligible. In other

words, an anomalously large (small) AWP reduces (enhances) the easterly CLLJ which then
results in a decrease (increase) of the westward moisture transport. Note that the reduction
(enhancement) of the easterly CLLJ is consistent with Fig. 2c showing a low SLP centered in the
AWP region that produces westerly wind anomalies in the Caribbean. The westward flow at
30°N in Fig. 4a is also due to the AWP-induced low SLP pattern of Fig. 2¢c that produces easterly
wind anomalies north of the low SLP center.

The effect of the anomalously large AWP on the CLLJ’s westward moisture transport is
similar to that of the annual AWP (Wang et al. 2007). The common physical reason for the
reduction of the CLLJ’s westward moisture transport is that the AWP weakens the NASH,
especially at its southwestern edge. The NASH produces the easterly trade winds in the tropical
North Atlantic that form the easterly CLLJ when they enter into the Caribbean Sea.

Observations show that the CLLJ varies with the Caribbean SLP as well as with the meridional
SST and SLP gradients in the CLLJ region (Wang 2007), which is expected from the geostrophic

balance. When the AWP is warm (cold), the SLP in the Caribbean Sea is low (high). The low
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(high) SLP, associated with small (large) meridional SLP gradients, corresponds to a weakening

(strengthening) of the CLLJ and thus the CLLJ’s moisture transport.

b. GPLLJ’s moisture transport

The GPLLJ’s meridional moisture transport from the CTRL run and its response to
LAWP — SAWP at 30°N during the summer are shown in Fig. 5. A strong northward moisture
transport is located along the eastern slopes of the Sierra Madre Oriental range (Fig. 5a). This
summertime northward moisture transport provides a moisture source for rainfall over the Great
Plains of the central United States where rainfall is observed to reach maximum during the
summer (e.g., Mo and Berbery 2004; Mo et al. 2005; Ruiz-Barradas and Nigam 2005; Nigam
and Ruiz-Barradas 2006). Figure 5b shows a negative value of moisture transport difference
near the GPLLJ’s transport core, in response to LAWP — SAWP. This means that an
anomalously large (small) AWP reduces (enhances) the GPLLJ’s northward moisture transport.
The reduction (enhancement) of the GPLLJ’s northward moisture transport is associated with a
decreased (increased) rainfall in the United States east of the Rocky Mountains, as shown in Fig.
2d. The model result is consistent with observations of Wang et al. (2006) who found a negative
correlation between the AWP index and rainfall anomalies in the central United States, and is
also consistent with the results of Ruiz-Barradas and Nigam (2005) and Mestas-Nunez et al.
(2007).

Again, we can divide the meridional moisture transport through 30°N into three

components contributed by (1) the meridional wind change g,,,,Av, (2) the specific humidity
change v,,,,Aq, and (3) the product of the zonal wind and specific humidity changes AvAgq.

Figure 6 shows that the meridional wind change of g,,,Av is a dominant term, and vg,,,Aq

11



and AvAg are small. This indicates that an anomalously large (small) AWP reduces (enhances)

the southerly GPLLJ which then decreases (increases) the northward moisture transport to the
central United States. This is again consistent with that of Wang et al. (2006) who observe that
when the AWP is anomalously large (small), the near-surface wind anomalies over the central
and southeastern United States are southward (northward). It is the AWP-induced change of the
southerly GPLLJ (and the wind near the GPLLYJ) that contributes to the inverse relationship
between the AWP SST and rainfall anomalies in the central United States.

As shown in Wang et al. (2007), the effect of the annual AWP is also to reduce the
southerly GPLLJ during the summer. However, the annual AWP has an opposite effect on the
summer GPLLJ’s northward moisture transport; that is, the annual AWP’s impact is to enhance
the northward moisture transport to the central United States in the summer. This is because the
annual AWP induces a large increase of specific humidity (see Fig. 11b of Wang et al. 2007) east
of the Rocky Mountains that contributes to the increase of the northward moisture transport. The
moisture transport increase due to specific humidity change overcomes the decrease owing to the
weakening of the southerly GPLLJ, resulting in a net increase of the northward moisture
transport during the summer. However, for the case of the anomalous AWP presented in this
paper, AWP variability has little effect on specific humidity change in United States east of the
Rocky Mountains (Fig. 6b). The anomalous AWP-induced GPLLJ’s moisture transport thus
follows the contribution by the weakening of the southerly GPLLJ, being a reduction of the
northward moisture transport during the summer. Therefore, the key for the different effects of
the annual and anomalous AWPs on the summer northward moisture transport is that the
anomalous AWP does not have or has little influence on specific humidity east of the Rocky

Mountains.
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What is the possible cause that may produce little influence of an anomalous AWP on
specific humidity east of the Rocky Mountains? The AWP region shows a high value of the
precipitable water during the summer when the annual AWP is developed (Wang et al. 2007),
which serves as a moisture source exporting to the United States for rainfall. Since the annual
AWP already exports more moisture to the United States, it seems plausible that less moisture
would be available for an anomalously large AWP to transport northward. In other words, the
specific humidity change is not sensitive to a further increase of SST associated with an
anomalously large AWP since the annual SST in the AWP is already high. In addition, the effect
of the annual AWP is to weaken the CLLJ and increase moist static instability over the
Caribbean and thus increase convective activity and rainfall there, so the atmospheric moisture
over the AWP region available for an anomalous AWP to export is decreased. These can result
in little change of specific humidity in the United States east of the Rocky Mountains associated

with an anomalously large or small AWP.

5. Response related to Atlantic hurricanes

There are many parameters that can influence and control the development and formation
of tropical storms (e.g., Gray 1979). We here focus on the dynamical parameter of the
tropospheric vertical wind shear and the thermodynamical parameter of the moist static
instability of the troposphere. The vertical wind shear from the CTRL run and its response to
LAWP — SAWP during the Atlantic hurricane season of June-November (JJASON) are shown in
Fig. 7. The climatological wind shear during JJASON shows a relatively low value in the
tropical region of the tropical North Atlantic, the Caribbean Sea and northern South America

(Fig. 7a). The wind shear response to anomalous AWPs shows that most of the main
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development region for Atlantic hurricanes (between 10-20°N and from Central America to
West Africa) is covered by negative anomalies of vertical shear (Fig. 7b). The average reduction
of the vertical wind shear is about -0.9 m/s over the region of 70°W-30°W, 10°N-20°N. This
indicates that an anomalously large (small) AWP reduces (enhances) the vertical wind shear in
the tropical North Atlantic and the Caribbean Sea. The model result is consistent with the
observational data of Wang et al. (2006) who show significant correlations among the anomalous
AWP index, the tropospheric vertical wind shear in the main development region, and Atlantic
hurricanes. Another feature in Fig. 7b is that an anomalously large AWP induces a large
increase of the vertical wind shear in the eastern North Pacific. This AWP-induced wind shear
in the eastern North Pacific may affect the development and formation of tropical cyclones in the
eastern Pacific.

The AWP-induced vertical wind shear is further examined by the response of the
geopotential height and wind at 200-mb and 850-mb to LAWP — SAWP, as shown in Fig. 8.
Consistent with Gill’s (1980) dynamics, the atmospheric response to the AWP’s heating is
baroclinic. The lower troposphere shows a cyclonic circulation in the AWP and eastern North
Pacific, whereas the upper troposphere displays an anticyclonic circulation pattern. In the
tropical North Atlantic, the mean circulation features the easterly trade winds in the lower
troposphere and the westerly winds in the upper troposphere. Thus, the AWP-induced
anomalous cyclonic and anticyclonic circulation patterns reduce both the lower tropospheric
easterly winds and the upper tropospheric westerly winds, resulting in a reduction of the vertical
wind shear. In the eastern North Pacific, the mean zonal circulation is relatively weak, owing to
the presence of the eastern Pacific ITCZ. The AWP-induced baroclinic wind patterns in the

eastern North Pacific in Fig. 8 thus increase the vertical wind shear there.
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Convective Available Potential Energy (CAPE), which is a measure of the moist static
instability of the troposphere, represents the amount of buoyant energy available to accelerate a
parcel vertically, or the amount of work a parcel does on the environment. CAPE is especially
important when air parcels are able to reach the layer of free convection. The higher the CAPE
value, the more energy available to foster storm growth (or for an easterly wave to become a
tropical storm). CAPE provides the fuel for moist convection, thus it also is a potential indicator
of hurricane intensity (Emanuel 1994). Figure 9 shows the CAPE from the CTRL run and its
response to LAWP — SAWP during the Atlantic hurricane season of JJASON. During the
hurricane season, the climatological mean CAPE shows large values over the Caribbean Sea and
Pacific and Atlantic ITCZ regions (Fig. 9a) owing to large near-surface air temperature and
water vapor content in these regions. The CAPE response to LAWP — SAWP is a large positive
value in the tropical North Atlantic (Fig. 9b). That is, an anomalously large (small) AWP tends
to increase (decrease) CAPE due to the increased (decreased) near-surface air temperature and
water vapor content. More specifically, once the warm and moist (cold and dry) surface air-
parcel is lifted to the level of free convection, the air parcel gains large (small) buoyancy, thus
we expect strong (weak) and more (less) frequent moist convections that favor (disfavor)
hurricane development.

The southeast-to-northwest orientation of the positive CAPE anomaly lies along the track
of many historical storms with disastrous landfall in the United States, hurricanes Hugo in 1989
and Andrew in 1992 being more notable examples. Such storms typically develop from easterly
waves off Africa during August-September. In contrast, the model response indicates a decrease
in CAPE over the western Caribbean, a region in which storms tend to form during the early and

late portions of the hurricane season. Both features could be of consequence for Florida, the

15



target for many landfalling hurricanes. The tracks of many hurricanes that hit Florida pass
through regions in or just north of these anomalies (www.hurricanecity.com/hebertbox.htm).
In summary, our model runs show that an anomalously large (small) AWP makes both
the vertical wind shear and the moist static instability more (less) favorable for hurricane
development from tropical storms that form off Africa and thus increases (decreases) Atlantic
hurricane activity. Tropical storms that form in the Caribbean may encounter a mixed

environment for shear and moist static instability.

6. Response to the whole WHWP

We also perform two additional model experiments in which CAM3 is forced by the SST
composites for large and small warm pools over the region of the whole WHWP (i.e., SST
variability in the region of both the AWP and the eastern North Pacific warm pool). Our model
runs show that the inclusion of the eastern North Pacific warm pool does not change the results
presented in sections 3-5. As an example, Figure 10 shows the SLP, precipitation, and vertical
wind shear response to LWHWP — SWHWP. Comparison with Figs. 2c, 2d, and 7b shows that
the atmospheric response to the AWP’s heating is not sensitive to the presence of the eastern
North Pacific warm pool. However, there are some minor differences between the model
response of LWHWP — SWHWP and LAWP — SAWP. The positive rainfall anomaly in the
eastern Pacific for LWHWP — SWHWP is larger than that for LAWP — SAWP since the local
SST anomalies in the eastern North Pacific may help enhance the rainfall response there. A
close inspection of Fig. 10c and Fig. 7b shows that the eastern North Pacific warm pool enhances
the reduction of the vertical wind shear in the regions of the Caribbean and the Gulf of Mexico.

Another minor feature is that the presence of the eastern North Pacific warm pool extends the
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negative rainfall anomaly region (near the GPLLJ) eastward to the southeastern United States

(Fig. 10b).

7. Discussion and summary

The AWP shows both the seasonal and interannual variability (Wang and Enfield 2001,
2003) and its area index also displays longer timescale variations such as that of the Atlantic
Multidecadal Oscillation (AMO) (Wang et al. 2006). Using NCAR CAM3, Wang and Lee
(2007) and Wang et al. (2007) demonstrate the impact of the annual AWP on the summer
climate of the Western Hemisphere and Atlantic hurricanes, whereas the present paper shows the
anomalously large/small AWP’s influences. The model experiments show that the annual and
anomalous AWPs have a similar effect on the summer climate and hurricanes except for the
influence on the summertime GPLLJ’s northward moisture transport to the central United States.
The key for the AWP’s influence on climate is through the AWP-induced SLP distribution.
Consistent with Gill’s (1980) theory, the atmospheric response to the AWP’s heating is
atmospheric Rossby waves with low SLP to the northwest of the heating. Once Rossby wave
signals reach the eastern Pacific, their interaction with the ITCZ in the eastern Pacific enhances
the SLP response there. Therefore, in response to the AWP’s heating, the atmosphere shows a
large value of low SLP in the eastern Pacific in addition to the local low SLP centered near the
AWP region. That is, the effect of the AWP in the summer is to weaken the North Atlantic
Subtropical High (NASH), especially at its southwestern edge, and to strengthen the continental
low over the North American monsoon region. What this study shows is that a larger (smaller)

than normal AWP increases (decreases) that response, as expected, with similar effects on the
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low-level jets that deliver moisture to the eastern Pacific and North America, and with similar
effects on the development of hurricanes that form over the tropical North Atlantic.

Associated with two low SLP centers are two maximum positive precipitation anomalies
located near the AWP region and in the eastern North Pacific. The close association between the
largest precipitation and SLP anomalies suggests that anomalous latent heat release is likely to be
forcing the SLP and circulation anomalies. Although both the annual and anomalous AWPs
show a low SLP response in the eastern North Pacific, the amplitude of the SLP response in the
eastern Pacific for the anomalous AWP is larger than that for the annual AWP. This may reflect
that an anomalously large AWP excites Rossby waves more easily than the annual AWP,
reaching the eastern Pacific where the Rossby wave signals interact with the eastern Pacific
ITCZ for enhancing the SLP response there. Our studies suggest that tropical North Atlantic
SST (or the AWP) can also affect the eastern Pacific, in counterpoint to the conventional notion
that tropical Pacific SST influences the tropical North Atlantic (e.g., Enfield and Mayer 1997;
Huang et al. 2002). This is consistent with a high-resolution regional model study by Xie et al.
(2007) who find that an Atlantic cooling results in anomalous easterlies in the eastern Pacific and
cooling in the equatorial eastern Pacific. The implication is that there is a two-way process
between the tropical Pacific and Atlantic or they interact with each other or that they act in
succession, i.e., the Pacific on the Atlantic during the winter, and vice-versa in the summer.

Our atmospheric model results show that an anomalously large AWP weakens the NASH
that in turn weakens the northeast trade wind at NASH’s southwestern side. In nature, there may
be a positive ocean-atmosphere feedback involved the NASH. On one hand, a large or warm

AWP weakens the NASH and then the northeast trade winds. On the other hand, the weakening
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of the trade winds may increase SST in the AWP region and thus the AWP becomes larger. This
issue needs to be addressed by a coupled ocean-atmosphere model.

The effect of both the annual and anomalously large AWP is to weaken the easterly CLLJ
that then contributes to a reduction of the CLLJ’s westward moisture transport. The physics for
the reduction is also that the AWP weakens the NASH. When the AWP is warm (cold), the SLP
in the Caribbean Sea associated with the weakening of the NASH is low (high). The low (high)
SLP, accompanied by a small (large) meridional SLP gradient, corresponds to a weakening
(strengthening) of the CLLJ and thus a decrease in the CLLJ’s westward moisture transport.

The CAM3 runs show that both the annual and anomalously large AWPs reduce the
southerly GPLLJ during the summer. However, the annual and anomalous AWPs have a
different effect on the summer GPLLJ’s northward moisture transport to the central United
States: the annual AWP’s impact is to enhance the northward moisture transport and the
anomalously large AWP reduces the northward moisture transport. The annual AWP induces a
large increase of specific humidity east of the Rocky Mountains that contributes to the increase
of the northward moisture transport. The moisture transport increase due to specific humidity
change overcomes that of the weakening of the southerly GPLLJ, resulting in an increase of the
northward moisture transport during the summer. However, the anomalous AWP has little effect
on specific humidity change in United States east of the Rocky Mountains. The anomalously
large AWP-induced GPLLJ’s moisture transport follows the contribution by the weakening of
the southerly GPLLJ, being a reduction of the northward moisture transport during the summer.

Consistent with the reduction of the northward moisture transport to the central United
States, our model runs show that an anomalously large (small) AWP corresponds to decreased

(increased) rainfall in the United States east of the Rocky Mountains. The model result is
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consistent with or confirms the observational result of Wang et al. (2006) who show a negative
correlation between the AWP index and rainfall anomalies in the central United States. Thus, we
can conclude that an anomalously large (small) AWP can decrease (increase) rainfall in the
central United States through the mechanism of the reduced (enhanced) northward moisture
transport from the AWP region to the United States.

The results in this paper suggest that AWP variability may also affect the mid-summer
drought (MSD), a phenomenon with a diminution in rainfall during July and August in southern
Mexico and Central America (e.g., Magafia et al. 1999; Mapes et al. 2005; Small et al. 2007).
Small et al. (2007) show that the MSD is associated with a low-level anticyclone centered in the
southern Gulf of Mexico that produces easterly wind anomalies across Central America (their
Fig. 7c). The easterly wind anomalies are accompanied by subsidence and divergence over the
Central American region, giving rise to the MSD. Our model result (Fig. 8) indicates that a
small (large) AWP produces a low-level anticyclone (cyclone) in the region of the AWP and
eastern North Pacific that induces easterly (westerly) wind anomalies across Central America.
This suggests that a small (large) AWP enhances (suppresses) the MSD. Indeed, our figure 2d
does show a decrease (increase) of rainfall in the MSD region for a small (large) AWP.

Both the annual and anomalous AWPs make the vertical wind shear and the moist static
instability more favorable for Atlantic hurricanes to develop over the tropical North Atlantic.
This is broadly consistent with the observational results of Wang et al. (2006), while the
dominance of large (small) AWPs during the warm (cool) phase of the AMO is consistent with
Goldenberg et al. (2001). Dynamically, the AWP-induced atmospheric circulation pattern is
baroclinic (Gill 1980), with a large warm pool producing a cyclone in the lower troposphere and

an anticyclone in the upper troposphere. This anomalous circulation structure reduces the lower
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tropospheric easterly flow and the upper tropospheric westerly flow, resulting in a reduction of
the vertical wind shear that favors atmospheric convection. Thermodynamically, the AWP
increases CAPE that provides the fuel for moist convection. However, the locations of maxima
in the reduction of the vertical wind shear and the increase of CAPE are different for the annual
and anomalous AWPs. The maxima for the annual AWP are located near the Caribbean Sea,
whereas the maxima for the anomalous AWP are in the western tropical North Atlantic. The
eastward shift of the maxima for the anomalous AWP may be a response to the anomalous latent
heating of the atmosphere implied by the eastward shift of the precipitation in the case of the
anomalous AWP. This may also provide an explanation of the southeastward shift for the
genesis location of tropical cyclones (e.g., Kossin and Vimont 2007).

Enfield et al. (2001) show that the AMO in North Atlantic SST is inversely correlated
with rainfall over most regions of the United States, and McCabe et al. (2004) show that the
AMO was probably involved in past mega-droughts. As shown in Wang et al. (2006), the
summer AWP area index also shows the signal of the AMO, while in this study we see that
almost all of the upper (lower) tercile warm pools are associated with warm (cool) phases of the
AMO (section 2). A long-term SST data over the past 153 years (1854-2006) confirms this
result [a manuscript prepared by Wang et al. (2007)]. Thus, warm (cool) phases of the AMO are
characterized by repeated large (small) summer AWPs, the cumulative effects of which can
amount to persistent drought (pluvial) during the growing season. On interannual and longer
timescales, even subtle but sustained changes in the moisture inflow to the United States Great
Plains from the Gulf of Mexico can contribute to severe drought conditions, as caused by subtle
tropical Pacific SST change (e.g., Schubert et al. 2004; Seager 2007). Sutton and Hodson (2007)

show that the climate response to the AMO SST anomalies is primarily forced by the tropical
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Atlantic SST anomalies. This seems to suggest that mechanisms of the AMO-related (or North
Atlantic SST-related) rainfall over North America and Atlantic hurricane activity may be
operated through the AWP-induced mechanisms: the northward moisture transport for rainfall,
and the vertical wind shear and moist static instability for hurricanes. In other words, the AWP
acts as a link between the AMO and rainfall in North America and Atlantic hurricane activity.
The paper establishes the AWP as an important mechanism by which Atlantic SSTs
influence Western Hemisphere climate during the summer. Climate phenomena such as El
Nino-Southern Oscillation, the North Atlantic Oscillation and the AMO can act on or interact
with the AWP on interannual to multidecadal timescales and in that way achieve their influence
on the summer climate. Clearly, there is a need for a further investigation of the AWP. Such
work may include to: (1) investigate the reproducibility of our results in other atmospheric
models; (2) examine the AWP’s influence based on coupled ocean-atmosphere-land models; and

(3) explore the AWP’s impact on climate and hurricanes under global warming scenarios.
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Figure Captions

Figure 1. SST (°C) forcing differences. Shown are (a) SST difference between the LAWP and
CTRL runs during June-August (JJA), (b) seasonal variation of the SST difference between the
LAWP and CTRL runs, (c) SST difference between the SAWP and CTRL runs during JJA, (d)
seasonal variation of the SST difference between the SAWP and CTRL runs, (e) SST difference
between the LWHWP and CTRL runs during JJA, (f) seasonal variation of the SST difference
between the LWHWP and CTRL runs, (g) SST difference between the SWHWP and CTRL runs
during JJA, and (h) seasonal variation of the SST difference between the SWHWP and CTRL
runs. In contour panels, the SST difference larger than 0.1°C is shaded and the zero contour is

not plotted. The contour interval is 0.1°C. The AWP and the WHWP boxes are marked.

Figure 2. SLP (mb) and precipitation (mm/day) from the CAM3 ensemble runs during the
summer (JJA). Shown are (a) SLP from the CTRL run (SLP higher than 1014 mb is shaded with
a contour interval of 2 mb), (b) precipitation from the CTRL run (rainfall larger than 2 mm/day is
shaded with a contour interval of 2 mm/day), (c) SLP difference between the LAWP and SAWP
runs (negative SLP difference is shaded with a contour interval of 0.2 mb), and (d) precipitation
difference between the LAWP and SAWP runs. In (d), the positive rainfall difference is shaded
and the contour lines are plotted at -4.0, -2.0, -1.0, -0.5, -0.2, 0.0, 0.2, 0.5, 1.0, 2.0, and 4.0

mm/day.

Figure 3. Meridional-vertical sections of the zonal moisture transport of gu (g kg' ms™) at

75°W during the summer (JJA) from (a) the CTRL ensemble run and (b) the difference between
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the LAWP and SAWP runs. In (a), the westward moisture transport is shaded and the contour
interval is 20 g kg’ ms”'. In (b), the positive moisture transport difference is shaded and the
contour interval is 5 g kg m s”'. The moisture transports are calculated directly during the model

integration at every time step (20 minutes) by using the model output of ¢ and u . The unit on

the vertical axis is mb.

Figure 4. Zonal moisture transport difference (g kg"' m s™') between the LAWP and SAWP runs

at 75°W during the summer (JJA) contributed by (a) the zonal wind change ¢,,,,Au , (b) the
specific humidity change ug,,,Aq , and (c) the product of the zonal wind and specific humidity
changes AuAg (where Au=u,,yp —Ugyp and AG = G, ,yp — Gsawp )- The positive moisture

transport difference is shaded and the contour interval is 5 g kg m s, The unit on the vertical

axis is mb.

Figure 5. Zonal-vertical sections of the meridional moisture transport of gv (g kg’ ms™) at
30°N during the summer (JJA) from (a) the CTRL ensemble run and (b) the difference between
the LAWP and SAWP runs. In (a), the northward moisture transport is shaded and the contour
interval is 10 g kg’ ms”. In (b), the positive moisture transport difference is shaded and the
contour interval is 2 g kg m s™'. The moisture transports are calculated directly during the model

integration at every time step (20 minutes) by using the model output of ¢ and v. The unit on

the vertical axis is mb.

Figure 6. Meridional moisture transport difference (g kg"' ms™) between the LAWP and SAWP

runs at 30°N during the summer (JJA) contributed by (a) the meridional wind change ¢,,,Av,
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(b) the specific humidity change vg,,,Aq , and (c¢) the product of the meridional wind and
specific humidity changes AvAqg (where Av="v,,.» = Vo a0d AG =G, p — Gsawp )- The

positive moisture transport difference is shaded and the contour interval is 2 g kg’ ms”'. The

unit on the vertical axis is mb.

Figure 7. Tropospheric vertical wind shear ([(U 200 — Usso )+ Va0 = Vieso ) ]1/2 ;ms™) during

June-November (JJASON) from (a) the CTRL ensemble run and (b) the difference between the
LAWP and SAWP runs. In (a), the vertical wind shear smaller than 14 m s is shaded and the

contour interval is 2 m s, In (b), the negative wind shear difference is shaded and the contour

lines are plotted at -4.0, -2.0, -1.0, -0.5, -0.2, 0.0, 0.2, 0.5, 1.0, 2.0, and 4.0 m s™.

Figure 8. Geopotential height (10> m) and wind (m s™) difference between the LAWP and

SAWP runs during June-November (JJASON) at (a) 200-mb and (b) 850-mb. The positive

geopotential height difference is shaded and the contour interval is 0.025x10* m.

Figure 9. Convective Available Potential Energy (CAPE; J/kg) during June-November
(JJASON) from (a) the CTRL ensemble run and (b) the difference between the LAWP and
SAWP runs. The positive values are shaded. The contour intervals in (a) and (b) are 50 J/kg and

20 J/kg, respectively.

Figure 10. SLP (mb), precipitation (mm/day), and vertical wind shear (m s™') differences
between the LWHWP and SWHWP runs. Shown are (a) SLP difference during June-August

(JJA), (b) precipitation difference during JJA, and (c) vertical wind shear difference during June-
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November (JJASON). In (a), the negative SLP difference is shaded and the contour interval is
0.2 mb. In (b), the positive rainfall difference is shaded and the contour lines are plotted at -4.0,
-2.0,-1.0,-0.5,-0.2,0.0,0.2, 0.5, 1.0, 2.0, and 4.0 mm/day. In (c), the negative wind shear
difference is shaded and the contour lines are plotted at -4.0, -2.0, -1.0, -0.5, -0.2, 0.0, 0.2, 0.5,

1.0,2.0, and 4.0 ms™".
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Figure 1. SST (°C) forcing differences. Shown are (a) SST difference between the LAWP and
CTRL runs during June-August (JJA), (b) seasonal variation of the SST difference between the
LAWP and CTRL runs, (c) SST difference between the SAWP and CTRL runs during JJA, (d)
seasonal variation of the SST difference between the SAWP and CTRL runs, (¢) SST difference
between the LWHWP and CTRL runs during JJA, (f) seasonal variation of the SST difference
between the LWHWP and CTRL runs, (g) SST difference between the SWHWP and CTRL runs
during JJA, and (h) seasonal variation of the SST difference between the SWHWP and CTRL
runs. In contour panels, the SST difference larger than 0.1°C is shaded and the zero contour is
not plotted. The contour interval is 0.1°C. The AWP and the WHWP boxes are marked.
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Figure 2. SLP (mb) and precipitation (mm/day) from the CAM3 ensemble runs during the
summer (JJA). Shown are (a) SLP from the CTRL run (SLP higher than 1014 mb is shaded with
a contour interval of 2 mb), (b) precipitation from the CTRL run (rainfall larger than 2 mm/day is
shaded with a contour interval of 2 mm/day), (c) SLP difference between the LAWP and SAWP
runs (negative SLP difference is shaded with a contour interval of 0.2 mb), and (d) precipitation
difference between the LAWP and SAWP runs. In (d), the positive rainfall difference is shaded
and the contour lines are plotted at -4.0, -2.0, -1.0, -0.5, -0.2, 0.0, 0.2, 0.5, 1.0, 2.0, and 4.0
mm/day.
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Zonal Moisture Transport at 75°W (JJA)
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Figure 3. Meridional-vertical sections of the zonal moisture transport of gu (g kg' ms™) at
75°W during the summer (JJA) from (a) the CTRL ensemble run and (b) the difference between
the LAWP and SAWP runs. In (a), the westward moisture transport is shaded and the contour
interval is 20 g kg’ ms”'. In (b), the positive moisture transport difference is shaded and the
contour interval is 5 g kg m s™'. The moisture transports are calculated directly during the model
integration at every time step (20 minutes) by using the model output of ¢ and u. The unit on

the vertical axis is mb.
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Zonal Moisture Transport at 75°W (JJA)
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Figure 4. Zonal moisture transport difference (g kg"' m s™') between the LAWP and SAWP runs
at 75°W during the summer (JJA) contributed by (a) the zonal wind change ¢,,,Au , (b) the

specific humidity change u,,,,Aq , and (c) the product of the zonal wind and specific humidity
changes AuAg (where Au=u,,yp —Ugyp and AG = G, ,yp — Gsawp )- The positive moisture

transport difference is shaded and the contour interval is 5 g kg m s, The unit on the vertical
axis is mb.
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Merid. Moisture Transport at 30°N (JJA)
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Figure 5. Zonal-vertical sections of the meridional moisture transport of gv (g kg’ ms™) at
30°N during the summer (JJA) from (a) the CTRL ensemble run and (b) the difference between
the LAWP and SAWP runs. In (a), the northward moisture transport is shaded and the contour
interval is 10 g kg’ ms”. In (b), the positive moisture transport difference is shaded and the
contour interval is 2 g kg m s™'. The moisture transports are calculated directly during the model
integration at every time step (20 minutes) by using the model output of ¢ and v. The unit on
the vertical axis is mb.
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Merid. Moisture Transport at 30°N (JJA)
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Figure 6. Meridional moisture transport difference (g kg"' ms™) between the LAWP and SAWP
runs at 30°N during the summer (JJA) contributed by (a) the meridional wind change ¢,,,Av,
(b) the specific humidity change vg,,,Aq , and (c¢) the product of the meridional wind and
specific humidity changes AvAg (where Av="v,,.» = Vo a0d AG =G, p — Gsawp )- The

positive moisture transport difference is shaded and the contour interval is 2 g kg’ ms”'. The
unit on the vertical axis is mb.



Vertical Wind Shear (JJASON)
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Figure 7. Tropospheric vertical wind shear ([(U 200 — Usso )’ + Vago = Vs’ ]1/2 ; ms™) during

June-November (JJASON) from (a) the CTRL ensemble run and (b) the difference between the
LAWP and SAWP runs. In (a), the vertical wind shear smaller than 14 m s is shaded and the
contour interval is 2 m s, In (b), the negative wind shear difference is shaded and the contour
lines are plotted at -4.0, -2.0, -1.0, -0.5, -0.2, 0.0, 0.2, 0.5, 1.0, 2.0, and 4.0 m s™.
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Geopotential Height & Wind (JJASON)
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Figure 8. Geopotential height (10> m) and wind (m s™) difference between the LAWP and
SAWP runs during June-November (JJASON) at (a) 200-mb and (b) 850-mb. The positive

geopotential height difference is shaded and the contour interval is 0.025x10* m.
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Figure 9. Convective Available Potential Energy (CAPE; J/kg) during June-November
(JJASON) from (a) the CTRL ensemble run and (b) the difference between the LAWP and
SAWP runs. The positive values are shaded. The contour intervals in (a) and (b) are 50 J/kg and

20 J/kg, respectively.
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LWHWP — SWHWP
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(b) Precipitation
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Figure 10. SLP (mb), precipitation (mm/day), and vertical wind shear (m s™') differences
between the LWHWP and SWHWP runs. Shown are (a) SLP difference during June-August
(JJA), (b) precipitation difference during JJA, and (c) vertical wind shear difference during June-
November (JJASON). In (a), the negative SLP difference is shaded and the contour interval is
0.2 mb. In (b), the positive rainfall difference is shaded and the contour lines are plotted at -4.0,
-2.0,-1.0,-0.5,-0.2,0.0,0.2, 0.5, 1.0, 2.0, and 4.0 mm/day. In (c), the negative wind shear
difference is shaded and the contour lines are plotted at -4.0, -2.0, -1.0, -0.5, -0.2, 0.0, 0.2, 0.5,
1.0,2.0, and 4.0 m s™.
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